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The grazing emissionX-ray ﬂuorescence (GEXRF) techniquewas applied to the analysis of different Alﬁlms,with
nominal thicknesses in the range of 1 nm to 150 nm, on Si wafers. In GEXRF the sample volume fromwhich the
ﬂuorescence intensity is detected is restricted to a near-surface region whose thickness can be tuned by varying
the observation angle. This is possible because of the refraction of the ﬂuorescence X-rays and the quite long
emission paths within the probed sample. By recording the X-ray ﬂuorescence signal for different shallow emis-
sion angles, deﬁned relatively to the ﬂat, smooth sample surface, the deposited Al surface layers of the different
samples could be well characterized in terms of layer thickness, layer density, oxidation and surface roughness.
The advantages offered by synchrotron radiation and the employedwavelength-dispersive detection setupwere
proﬁted from. The GEXRF results retrievedwere conﬁrmed by complementarymeasurements. The experimental
setup, the principles and advantages of GEXRF and the analysis of the recorded angular intensity proﬁles will be
discussed in details.
1. Introduction
Thin ﬁlm depositions or coatings can be prepared by different
methods like atomic layer deposition (ALD) [1], chemical vapor depo-
sition (CVD) [2], molecular beam epitaxy (MBE) [3], magnetron
sputtering [4], pulsed laser deposition (PLD) [5], spin coating [6] or
electrospraying [7]. They are important for both technological and
scientiﬁc applications. The aim of the layer deposition is to modify
the thermal, mechanical, optical, chemical or electrical properties of
a system. Examples of applications are organic surface modiﬁcation,
chemical sensors, photoelectrochemical cells, photocatalysis, struc-
tured semiconductor applications, mass storage and microelectronic
devices (metal-oxide-semiconductors, dynamic randomaccessmemory),
laser and X-ray optics (lenses, mirrors and multilayers). Technological
progresses in the microelectronic and the solar cell industries with the
inherent device size downscaling result in more demanding require-
ments for the thin ﬁlm production and analysis. A better characteriza-
tion is also asked for novel materials with high dielectric constants
and oxynitride layers, which are both foreseen to replace silicon dioxide
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because of diffusion problems and defect density, polymer ﬁlms and
very thin ﬁlms in the nanometer range.
As a speciﬁc example of thin-ﬁlm applications, Al depositions on Si
were used during some decades in the microelectronic industry, for
example in the production of integrated circuits. However, the
advances in the performance of semiconductor devices and their in-
creased complexity revealed some limitations in the use of Al so
that alternatives were looked for (Ag and Cu mainly) [8] although
applications with Al are still realized [9]. The better adhesion of Al
to the Si surface and the low intermiscibility of Al (resp. aluminates
of a metal) and Si, are reasons why Al depositions on Si are still
used, e.g., as a buffer layer, a diffusion barrier or an interconnect ma-
terial, to circumvent the disadvantages of other metals [10,11]. In the
self-encapsulation technique [12,13] the migration of Al through the
superposed layer towards the surface and the subsequent oxidation
to wear-resistant Al2O3 allows to use the deposited Al also for the
formation of a passivating layer which prevents corrosion. To take ad-
vantage of this property, Al layers can also be oxidized, the native
oxide layer being usually too thin [14,15]. Examples of Al depositions
with different thicknesses on the top of Si by different techniques and
the subsequent study of the Al layer regarding someof its properties can
be found in [16–21]. The control and characterization of the ﬁlm and
also the interface qualitywith respect to the composition, oxidation, dif-
fusion, density, thickness and roughness are necessary in order to prop-
erly tailor nanoscaled devices regarding the surface topography and
physical properties. A better knowledge of the dependence of these
properties on the process parameters can thus help to select and opti-
mize the thin ﬁlm preparation and deposition process.
To analyze thin layers deposited on a substrate, different techniques
can be used, each of them having its merits and inherent limitations in
terms of sample consumption, cost of analysis, quantiﬁcation, chemical
and elemental sensitivity, lateral and depth resolution, and accessible
depth region. In secondary ion mass spectroscopy (SIMS) [22], respec-
tively time-of-ﬂight (TOF) SIMS [23], the depth composition of the sam-
ple is derived from the sputter rate. It is a very precise, quantitative
analytical technique which offers an excellent lateral resolution [24]
but requires an ultra-high-vacuum (UHV) setup and suffers from the
formation of a transient region making a reliable characterization of
the ﬁrst few nanometers impossible until an equilibrium regime be-
tween the implanted and sputtered ion yields is established. Thus,
SIMS cannot be used to characterize very thin ﬁlms or changes in the
chemical composition at the surface, e.g., oxidation of the surface
layer. Rutherford backscattering (RBS) [25] and medium energy ion
scattering (MEIS) [26], the related technique, are in contrast to SIMS
non-destructive techniques, thus no changes in the sample properties
are to be expected, but have drawbacks regarding the achievable
depth and lateral resolution, the efﬁciency for light elements and the
mass resolution for heavy elements. Also an independent determina-
tion of the density and the thickness is not possible. Techniques based
on electrons [27] like Auger electron spectroscopy (AES) or X-ray pho-
toelectron spectroscopy (XPS) are surface-sensitive and give, in con-
trast to ellipsometry [28], scanning electron microscopy (SEM) [29] or
scanning tunneling microscopy (STM) [30], a direct information on
the elemental and chemical composition. However, the mean pene-
tration range of electrons severely limits the thickness of the sample
which can be analyzed if this technique is not combined with
sputtering. In the latter case, the analysis implies sample consump-
tion and that reference samples are necessary for a proper calibra-
tion of the depth scale since the sputter rate varies with the
chemical composition. Furthermore, absolute quantitative measure-
ments are difﬁcult to realize if not impossible. Particle induced X-ray
emission (PIXE) based depth-proﬁling is characterized by a poor
depth-resolution and can only be successfully applied to study
some speciﬁc samples [31]. A comprehensive comparison of different
analytical techniques for surface analysis is given in [32], further com-
parisons of surface-sensitive techniques can be found in [33–36].
Often a combination of the different techniques is necessary to gather
the required information.
With respect to the mentioned techniques, methods based on
X-rays like diffraction, scattering or, as in the present study, X-ray
ﬂuorescence (XRF) are competitive in terms of characterization of
the surface [37]. They are in addition non-consumptive and do not
necessarily require a high-vacuum environment like particle-based
methods. At the same time they require little or no sample preparation,
can be applied to a wide range of materials regarding the elemental and
chemical composition as well as the concentration, allow for quantita-
tive measurements and are characterized by a high surface-sensitivity
if combined with a grazing incidence or emission geometry. Usually
the efﬁciency of surface analysis (or interface analysis in the case of
multilayered samples) by means of X-ray probing is limited by the
weaker interaction of X-ray photons with matter as compared to ions
and the inherent rather large penetration depth of the incident primary
X-rays into the sample. In grazing incidence XRF (GIXRF) and grazing
emission XRF (GEXRF) the capability to analyze the surface is improved
by varying the incidence angle, respectively the exit angle, around the
critical angle for total external reﬂection, which depends on themateri-
al and the wavelength of either the incident or the ﬂuorescence X-rays,
and bymonitoring the ﬂuorescence intensity (Fig. 1). The probed depth
region, which depends on the angle, varies in this angular range from a
few nanometers to several hundred nanometers (see Fig. 3 for the case
of Al and the Al Kα line in GEXRF conditions). Consequently, because of
the wide range of accessible depth regions, GIXRF and GEXRF have,
compared to SIMS, AES, or XPS, less restrictions regarding theﬁlm thick-
ness that can be analyzed. Moreover, depending on the layer thickness,
the number of deposited atoms can differ by several orders of magni-
tude, but the linearity in the intensity response of X-ray detectors pro-
vides enough ﬂexibility for quantitative measurements. As discussed
in this paper both, GIXRF and GEXRF, have been used for thin ﬁlm anal-
ysis. Other application domains are micro- and trace analyses, surface
contamination control (see [38–41] for GIXRF and [42–44] for GEXRF
among others for semiconductor applications) and depth-proﬁling of
ion-implanted samples (see for example [45–47] for GIXRF and
GEXRF, respectively). In the latter application a comparison of GIXRF
andGEXRF for Al implantations in Si can be found in [48]. In the two for-
mer application domains the X-ray ﬂuorescence intensity is detected at
a ﬁxed incidence or emission angle below the critical angle since the
primary goal is to detect the presence of contaminants. In this case
the grazing incidence geometry is commonly referred to as the total re-
ﬂection of X-ray ﬂuorescence (TXRF) technique [49–51]. TXRF has also
been combined with sputter etching [52] to realize depth-proﬁling ex-
periments. A comparison of GEXRFwith TXRF and other X-ray emission
techniques in the domain of trace element analysis can be found in [53].
In this article the investigation of thin ﬁlms regarding the thickness,
roughness, density and oxidation level by means of synchrotron radia-
tion based high-energy-resolution GEXRF will be reported for the ex-
ample of Al deposited on Si wafers with different nominal thicknesses
(assuming continuous layers).
2. GIXRF and GEXRF
From an experimental point of view, GEXRF and GIXRF are based
on the refraction of the incident respectively emitted X-rays at the
ﬂat, smooth sample surfaces or intra-sample interfaces in order to en-
hance the sensitivity towards the surface and near-surface regions
ϕ
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Fig. 1. Basic concept for a GIXRF (left) and a GEXRF (right) experimental setup.
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with respect to the bulk sample. Indeed for X-rays the real part of the
complex refractive index n (related to the scattering properties) of
solid samples is smaller than one by a decrement factor of 10−3–10−6.
Consequently, X-rays undergo total external reﬂection at the sample
surface at small enough incidence angles. A second factor contributing
besides the refraction to the surface-sensitivity are the implicit long in-
cidence paths, respectively emission paths, within the sample. The con-
sequences are a larger sensitivity to the sample matrix and a limited
depth region effectively contributing to the detected X-ray ﬂuorescence
yield because of absorption (related to the complex part of n). The basic
idea of the grazing geometries is to either enhance the excitation pro-
cess of the surface and/or near-surface region with respect to the bulk
volume (GIXRF) or to restrain the region from which the excited ﬂuo-
rescence signal can be detected to the surface and/or near-surface re-
gion (GEXRF).
The grazing emission geometry was derived in 1983 from the
grazing incidence geometry [54]. In GIXRF, and also in the X-ray
standing wave (XSW) technique under total reﬂection condi-
tions [55], an X-ray standing wave-pattern is created by the coherent
superposition of the incident and reﬂected wave for incidence angles
below the critical angle of total external reﬂection. For thin layered
samples, depending on the incidence angle and the different refrac-
tive indexes, the X-ray standing wave-pattern is created on the top
of the surface or within the thin layer. In the ﬁrst case the incidence
angle has to be below the critical angle for the surface layer, in the lat-
ter case between the critical angles for the surface layer and the bulk,
the necessary condition being that the critical angle for the bulk is
larger. A restriction for XSW is that the period of the standing
wave-pattern should not be much larger than the layer thickness.
The wave-pattern is characterized by planes with constructive and
destructive interferences which are parallel to the sample surface
and whose position with respect to the reﬂecting surface and period-
icity depend on the incidence angle and the incident wavelength.
Only an evanescent, exponentially damped wave, propagating along
the surface penetrates into the sample region below the interface
on which the standing wave-pattern is created (typically 3–5 nm).
Thus, there is a non-negligible chance for the absorption of incident
X-rays and the emission of ﬂuorescence radiation in the mentioned
sample region. The short vertical penetration range is due to the en-
ergy and momentum conservation. By varying the incidence angle,
the evanescent wave is modiﬁed due to the varying penetration
depth (kinematical factor) and the changing standing wave-pattern
(dynamical factor) [54]. For continuity reasons the intensity of the ev-
anescent wave has to be equal to the one of the standing wave at the
reﬂecting interface. The total external reﬂection of X-rays not only
improves the excitation efﬁciency for ﬂuorescence radiation in the
near-surface or -interface region but also prevents in addition ﬂuores-
cence excitation in the bulk. For larger incidence angles the reﬂection
coefﬁcient drops towards zero and the depth region contributing to
the measured X-ray ﬂuorescence intensity starts to increase since
the incident beam penetrates into the sample volume below the
reﬂecting interface. However, upon the transition through the sepa-
rating interface the incident beam is deviated because of the refrac-
tion process. Also, due to the shallow incidence angles, the X-ray
absorption is quite pronounced in the depth direction, limiting
the volume in which X-ray ﬂuorescence is effectively excited.
Depth-sensitive measurements of multilayers and thin ﬁlms deposit-
ed on a surface were performed by means of GIXRF [56–60] or by
means of XSW under grazing incidence conditions [55,61]. The thick-
ness and the density of the ﬁlms as well as the elemental amount or
quantity of deposited material were assessed. In most cases the as-
sumption of a stratiﬁed model with homogeneous and discrete layers
was made to ﬁt the data by inverse modeling, the initial model need-
ing to describe the probed sample already well enough for a reliable
interpretation [55,57]. Also the surface roughness had to be consid-
ered [62,63] and the X-ray source coherence lengths were found to
have a major impact on the extension of the standing wave-pattern
[49,50]. A different grazing incidence technique is X-ray reﬂectome-
try (XRR) [64]. In XRR the change in the reﬂected intensity is moni-
tored as a dependence of the incidence angle in order to deduce the
layer density (from the critical angle) as well as the layer thickness
and interface roughness (from the Kissing fringes in the intensity
curve) [65–68]. From an experimental point of view, the studied
layer is required to have a sufﬁcient thickness and to be laterally ho-
mogeneous to be suitable for XRR measurements.
With respect to GIXRF, GEXRF can be considered as being based on
an inverted setup in the sense that the paths for excitation and detec-
tion of the X-ray ﬂuorescence intensity are exchanged in order to
switch from an angle-dependent excitation of the X-ray ﬂuorescence
under grazing incidence conditions to an angle-dependent detection
under grazing emission conditions (Fig. 1). Actually, the GIXRF and
GEXRF setups are not only similar but, because of the principle of mi-
croscopic reversibility and reciprocity [69], also equivalent from a
physical point of view: if grazing incidence and grazing emission ex-
periments were performed with the same wavelength λ, the distribu-
tions of the atoms contributing to the observed ﬂuorescence yields
would be identical [54].
In GEXRF, the primary beam penetrates into the bulk sample and,
thus, no standing X-ray wave-pattern is created. However, for sufﬁ-
ciently small observation angles relatively to the sample surface
only the X-ray ﬂuorescence emitted by surface-near atoms is observ-
able. Indeed, X-rays emitted from atoms located far from the surface
interface are refracted away from the surface upon the transition
of this interface (inverted path with respect to the incidence
X-rays in GIXRF). Consequently for observation angles in the range
from 0 mrad to the critical angle only the ﬂuorescence emitted by
near-surface atoms can be detected. GEXRF is characterized by the ex-
citation of an internal evanescent wave, equivalently to the evanes-
cent wave in GIXRF. This results in a considerably enhanced surface
sensitivity as the contribution of the bulk atoms to the detected inten-
sity is suppressed and explains, thus, the surface-sensitive character
of GEXRF. For observation angles above the critical angle, the ﬂuores-
cence signal produced further away from the sample surface is also
observable. Nevertheless, the probed depth region is still on the
submicrometer scale since the shallow observation angles result in
long emission paths within the sample and consequently in a quite
pronounced absorption. As mentioned, GEXRF was also used, like
GIXRF, for thin-ﬁlm and layer analysis of metallic elements or alloys
[70–74] in order to study surface oxidation, growth processes, the inﬂu-
ence of neighboring low-Z layers or simply the density and thickness of
the deposited ﬁlms. The GEXRF method shows, thus, a good potential
for layer characterization and for process control, since besides the ele-
mental information also structural information on the thin ﬁlms can be
obtained. The explanation for the enhanced sensitivity of GEXRF for
these sample types is given by the fact that, as long as the reﬂection co-
efﬁcients on the different interfaces are non-zero, there is more than
one possible emission direction towards the detector (Fig. 2).
Depending on the differences in the path lengths towards the detector,
constructive or destructive interferences occur for sources at different
well-deﬁned vertical positions. This is the same condition as the one
for the creation of a standing wave-pattern inside a thin ﬁlm or layer
in grazing incidence conditions except that in grazing emission the po-
sition and periodicity of the planes depend on the emission angle and
the ﬂuorescence wavelength. However, only for paths with no (directly
transmitted X-rays) or an even number of reﬂections on the interfaces
is the difference in the path length independent from the vertical posi-
tion of the source and interference fringes are observable in the angular
proﬁle. The oscillations observed in the angular intensity proﬁle of the
Cr Kα line of Cr/Au/Cr layers deposited on quartz glass were interpreted
as an experimental evidence of the aforementioned reciprocity theo-
rem [75]. The interference pattern is usually more pronounced if the re-
fractive index of the substrate is smaller than the refractive index of the
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layer and consequently the dependence of the angular proﬁle on the
thickness will be more distinct. The latter condition is of prime impor-
tance for trace element analysis. For Al layers deposited on Si this is,
however, not the case. It will be shown in this article that an accurate
analysis was nevertheless possible.
From an experimental point of view one should note that the crit-
ical angle referred to in GEXRF is larger than in GIXRF since it is de-
ﬁned relatively to the wavelength of the ﬂuorescence X-rays and
not to the one of the primary X-rays. This mainly results in a rescaled
angular range with respect to the critical angle. Also due to the differ-
ent X-ray energies of interest, once below (GEXRF), once above
(GIXRF) the absorption edge, the sensitivity towards the sample
matrix is different. The most crucial difference concerns, however,
the incident radiation used to excite the ﬂuorescence radiation. For
geometrical reasons, the surface region over which the standing wave-
pattern extends varies inversely with the incidence angle. Thus, in
GIXRF the beam spreads over a wide sample surface and laterally
resolved studies with a resolution in the scale of a few micrometers are
hardly feasible. In contrast to GIXRF, the grazing emission geometry
is in combinationwithmicro-XRF sources favorable formapping applica-
tions. Such GEXRF mapping measurements were performed using
a micro-sized collimated synchrotron radiation beam [42] or employing
a polycapillary optics mounted in front of an X-ray tube [76–78]. Also,
GEXRF setups can be combined with different excitation sources
(protons [79], electrons [80], mono- or polychromatic X-ray beams)
since the angular intensity dependence is essentially given by the refrac-
tion of theproducedﬂuorescenceX-rays. The advantage of using charged
particles is that the ﬂuorescence signal is mainly produced close to the
surface, i.e., in the region of interest to which the GEXRF measurement
is sensitive, due to the lower penetration depth of particles. The disad-
vantage is, however, a more complicated analysis since the production
of the ﬂuorescence signal in the analyzed sample region (Fig. 3) cannot
be assumed to be depth-independent. In Fig. 3, the attenuation of the
primary X-ray beam for the extinction depth corresponding to the
exit angle is shown. The extinction depth corresponds to the depth
from which the emitted ﬂuorescence intensity is attenuated by a factor
of e−1 on the way from the ﬂuorescence atom to the surface, whereas
the critical thickness corresponds to the depth region for which absorp-
tion effects for the incident and emitted radiation can be safely
neglected [81]. This restriction for the linear regime of calibration
curves was ﬁrst discussed for TXRF [82].
On the other side, GIXRF setups are characterized by a quite large
solid angle because the energy-dispersive detectors are mounted
close to the target surface, whereas the unavoidable collimation of
the ﬂuorescence radiation, needed to deﬁne the observation angle,
reduces the luminosity of GEXRF setups. However, this allows for
the use of wavelength-dispersive setups, where a collimation of the
ﬂuorescence radiation is automatically realized via the Bragg
condition. The drawback related to the small solid angle characteristic
for wavelength-dispersive instruments is in addition partly canceled
by the fact that no additional collimator is needed. The main advan-
tages offered by wavelength-dispersive setups are their energy resolu-
tion, providing a greater sensitivity to chemical states and a good
separation of the many L-lines of mid-Z elements and/or M-lines of
heavy elements, their good background rejection capabilities, which
contributes to an improved signal-to-background ratio, and ﬁnally
their sensitivity towards low-Z elements. These advantages compen-
sate partially the lower luminosity. As explained in the next section
this proved, in combinationwith the advantages offered by synchrotron
radiation (high ﬂux and energy-tunable, monochromatic X-ray beam)
to be extremely useful for the characterization of Al ﬁlms on Si.
For the sake of completeness it should bementioned that the combina-
tion of grazing incidence and grazing emission geometries was also real-
ized for thin ﬁlm analysis [83,84], the chemical conditions and surface/
interface roughness between two layers being analyzed together with
the ﬁlm density and thickness. Either the dependence of the X-ray ﬂuores-
cence intensity on the incidence angle was measured for different emis-
sion angles or vice-versa which offers the possibility to acquire different
data sets for one sample. Due to the collimation of the incident and emit-
ted X-ray radiation, the detection efﬁciency of these setups is reduced. The
main motivation for this type of setup is the very low background since
the excitation and the detection process focus both on the near-surface re-
gions. Finally, combinations of other X-ray analytical techniques like ab-
sorption (with grazing incidence [85–87] and grazing emission
[76,88,89]) and diffraction (with grazing incidence [90,91] and grazing
emission [92]) were also realized to determine the nearest-neighbor con-
ﬁgurations or the surface structure.
3. Experimental
The presented GEXRF measurements were realized at the ID21
beamline of the European Synchrotron Radiation Facility (ESRF) in
Grenoble, France. The high-resolution reﬂection-type von Hamos
curved crystal X-ray spectrometer of the University of Fribourg [93]
was installed downstream of the beamline's scanning X-ray micro-
scope (SXM) chamber. The University of Fribourg's von Hamos spec-
trometer, when installed at the ESRF ID21 beamline and conﬁgured in
the GEXRF geometry, has been characterized in terms of detection
limits [42,43] and depth-proﬁling capabilities [47,48]. The main com-
ponents of the spectrometer (Fig. 4) are a cylindrically curved crystal
and a position sensitive detector. The detector was a two-dimensional
back-illuminated coupled charge device (CCD) which has been
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Fig. 2. Illustration of the different possible emission paths of ﬂuorescence X-rays
(wavelength λ) from an Al-layered Si wafer for a ﬁxed observation angle φexit close
to the critical angle. The number in parentheses indicates the number of reﬂections
undergone for each path, the probability that a ﬂuorescence photon follows a given
path depends on the reﬂection (and thus transmission) factor for the considered exit
angle. Note that only those paths corresponding to an even number of reﬂections
give rise to constructive interferences that depend solely on the exit angle and not
on the depth position of the ﬂuorescence sources.
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Fig. 3. Variation with the exit angle of the extinction depth and of the critical thickness
for Al and the Al Kα ﬂuorescence line. The attenuation in Al of the primary X-ray beam
(E0,Al = 1.582 keV, normal incidence) within the extinction depth of Al Kα is also
shown. The extinction depth stands for thedepth fromwhich the emittedﬂuorescence in-
tensity is attenuated by a factor e−1 within the sample, while the critical thickness indi-
cates up to which depth absorption effects can be safely neglected.
4
ht
tp
://
do
c.
re
ro
.c
h
characterized in [94]. It is placed on the curvature axis of the crystal,
consists of 1340 × 400 pixels (h × v), each pixel having a size of
20 × 20 μm2 and the electronic's read-out speed is 1 MHz. The bending
of the crystal offers a focusing on the CCD in the non-dispersive plane
and thus an enhancement of the collection efﬁciency whereas the posi-
tional information stored by the CCD allows for a discretization of the
covered Bragg angle range along the dispersive axis. The crystal and de-
tector positions are ﬁxed by the lattice constant of the employed crystal
and the measured ﬂuorescence energy via the Bragg law. Since the
Bragg law ﬁxes the detection path from the sample towards the detec-
tor, grazing emission conditions are realized by tilting the ﬂat, smooth
target surface close enough to the detection direction. For the detection
of the Al Kα, respectively Si Kα ﬂuorescence lines, the spectrometerwas
equipped with the ADP (101) crystal (2d = 10.642 Ǻ, curvature radius
R =254 mm, crystal height h = 100 mm). Only events diffracted by
the crystal are incident on the CCD, background events being mainly
due to the electronic noise, scattering and cosmic events. Their contri-
bution to the measurement is reduced by the subtraction of a back-
ground image to each acquired frame and an energy discrimination in
the analysis of the detected events.
The primary X-ray beam, which enters the spectrometer chamber
parallel to and at the height of the spectrometer's dispersion plane,
was delivered by a wiggler andmonochromatized by two Ni/B4C mul-
tilayers. Higher-order harmonics were rejected by means of two Si
mirrors tilted at an angle of 12 mrad with respect to the incident pri-
mary beam. The beam size was deﬁned by a pinhole with a diameter
of 1 mm. The beam energy resolution was about 6 eV for the two se-
lected primary X-ray beam energies, namely E0,Al = 1.582 keV for the
detection of the Al-Kα line and E0,Si = 2.000 keV for the Si-Kα line,
both energies being just above the K-absorption edge of the respec-
tive element. The primary beam photon ﬂux was about 5 × 1010,
respectively 2 × 1011 photons per second for the mentioned energies.
The choice of the excitation energy for the Al Kα ﬂuorescence line
was guided by several considerations. At the excitation energy of
1.582 keV, in addition to the suppression of the strong Si Kα ﬂuores-
cence line and the photoelectric absorption cross-section of the Al
K-shell being close to its maximal value, a considerable background
reduction was achieved. Indeed, a possible overlap of the K X-ray res-
onant Raman scattering (RRS) of the Si L-shell [95], whose cut-off
energy depends on the primary beam energy, with the Al Kα ﬂuores-
cence line was avoided while the elastic peak was still not incident on
the CCD [42,43]. Note that this separation could only be achieved
thanks to the high energy resolution of the von Hamos spectrometer.
Indeed, with an energy-dispersive setup the Al Kα ﬂuorescence line
could not be separated from the Si RRS-KL and the elastic signal
even with the best available detectors in terms of energy resolution.
The remaining background overlapping with the Al Kα line was
found to arise only from the weak Si RRS-KM and the intrinsic noise
of the CCD detector (about 2.5 × 10−4 counts per second), which
allowed for a direct detection limit of 3.7 × 1012 atoms/cm2 for Al im-
purities on the surface of Si wafers [43]. The background conditions for
the measurements with the Al-layered samples are illustrated in Fig. 4.
The combined advantages of the energy-tunability of synchrotron radi-
ation beams and the high energy resolution detection are highly valu-
able if the ﬂuorescence line of a trace element in or on a bulk sample
with an atomic number higher by one unity has to be detected [96].
For each ﬂuorescence line, the grazing exit angle is deﬁned with
respect to the corresponding Bragg angle. However, for a ﬁxed target
angular position the exit angle varies on the CCD along the dispersion
direction, i.e., the detector axis, as a function of the Bragg angle. This
contributes, together with the Darwin width of the crystal and the
natural linewidth of the ﬂuorescence signal, to the angular resolution
of the grazing emission experiment, even if this contribution is atten-
uated by the intensity distribution of the measured ﬂuorescence
X-ray line. In order to acquire grazing emission intensity proﬁles
with a proper angular resolution an area of interest is deﬁned on
the CCD in both the horizontal and vertical directions. Only X-rays
detected within the area of interest are taken into account in the an-
gular intensity proﬁle. In the selection of the area of interest on the
CCD a compromise between intensity and angular resolution has to
be made. Horizontally the region of interest is centered on the maxi-
mum peak intensity of the measured X-ray ﬂuorescence line (inset of
Fig. 4), vertically it is centered on the dispersion plane which is de-
ﬁned by the crystal and detector axes and which contains the incident
synchrotron beam. The vertical restriction is necessary because of
geometrical considerations due to the vertical extension of the irradi-
ated sample area and the cylindrically curved diffraction crystal. The
ﬂuorescence signal from a source atom which is vertically off-axis
with respect to the dispersion plane will be reﬂected by the crystal
to a CCD region which is vertically and horizontally displaced with re-
spect to the signal from a ﬂuorescence source which is on-axis. Thus,
the exit angle at which the ﬂuorescence radiation left the sample
changes along a vertical line of the CCD. A last contribution to the an-
gular resolution arises from the fact that the exit angle of the ﬂuores-
cence radiation emitted by a single source and which is incident on
the crystal planes at the Bragg angle is not constant but varies along
the crystal height. This is imposed by the spectrometer geometry
and the condition to realize grazing emission conditions. Indeed, to
realize GEXRF experiments, the sample surface cannot be oriented
vertically to the dispersion axis. The blurring of the angular resolution
depends in principle on the crystal height and the radius of curvature.
The effect of this contribution is, however, less important when a re-
gion of interest is deﬁned on the CCD and either the sample or the
CCD is out of the crystal's focus, i.e., not positioned on the axis of cur-
vature of the crystal. In the present case the spectrometer design fore-
sees an off-axis sample positioning [93].
The horizontal extension of the irradiated sample area WBeam does
not contribute signiﬁcantly to the angular resolution. In grazing emis-
sion conditions the crystal sees the target as a line-like source, the con-
tribution to the angular resolution is then proportional toWBeam × sinφ
where φ stands for the exit angle. The proportionality factor is given by
the spectrometer geometry. Consequently, the spectrometer can be op-
erated in a slit-less mode without deteriorating the angular resolution,
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Fig. 4. Schematic drawing of the experimental setup (details in the text) and experimental
spectrum of the Al-Kα intensity acquired for the 10 nm Al-layered Si sample at an exit
angle of 40 mrad, illustrating the excellent background conditions achieved in the exper-
iment. The experimental spectrum corresponds to the projection onto the dispersion axis
of the spectrometer of the CCD events sorted previously by an energy discrimination.
5
ht
tp
://
do
c.
re
ro
.c
h
the contribution of the diffracting crystal being the Darwin width. The
slit-less operation mode presents the advantages that no beam proﬁle
effects have to be considered and that the luminosity of the setup is
slightly increased since, horizontally, the whole irradiated surface of
the sample contributes to themeasured ﬂuorescence. The experimental
angular resolution of the presented setupwas assessed by a convolution
of the angular proﬁle which best ﬁtted the experimental data with a
Gaussian, thewidth of the Gaussian being the intrinsic instrumental an-
gular broadening. The resolutionwas found to be 0.17 mrad. This is bet-
ter or comparable to the reported angular resolutions of other GEXRF
setupswhich are of the order of 1 mrad or lower [49,74,76]. In the latter
setups either an analyzer crystal or an energy-dispersive detector in
combination with a collimator slit system was employed to deﬁne the
grazing emission angle. A compromise between angular resolution and
detection sensitivity had to bemadedependingon themain experimental
purposes (trace-element control or structural surface characterization).
The intensity of the Al Kα-line was measured at 100 different
angular positions separated each by 0.4 mrad and acquisition times
of 50–200 s for each step, depending on the sample. The Si Kα ﬂuo-
rescence X-ray line was measured at 40 different points separated
by 1 mrad with a collecting time of 20–30 s per point. The accuracy
of the system used to orientate the sample is 0.04 mrad. During the
acquisition of an angular proﬁle, all experimental parameters (crystal
reﬂectivity, solid angle, CCD efﬁciency) remained unchanged. The an-
gular proﬁles for Si were needed for calibration purposes in order to
associate to the different angular positions of each sample the corre-
sponding emission angles. Indeed, the exit angle can be controlled
only on a relative scale and in order to know the exit angle on an ab-
solute scale, a reference position is needed. In our case this reference
position corresponds to the critical angle φc,Si of the Si Kα-line. The
corresponding sample position is extracted from a Gaussian ﬁt of
the derivative of the measured angular intensity curve for the Si
Kα-line. Once this reference position is known, the offset of the
angular scale and consequently the absolute exit angle can be deter-
mined for each position of the investigated sample. For sufﬁciently
thin-layered samples, the critical angle is supposed to correspond to
the one of a Si pure bulk. With increasing thicknesses, the inﬂuence
of the layer above the bulk needs to be accounted for as the experi-
mentally determined critical angle is shifted with respect to the bulk
value (see Fig. 5, upper right panel). Depending on the ratio of the
refractive indexes for the layer and the bulk material for the ﬂuores-
cence line emitted from the bulk, the inﬂuence of the layer results
either in a strong damping of the ﬂuorescence line or in a shift of
the critical angle in the angular intensity proﬁle as it is the case for
the Al-layered Si wafers.
The studied Al-layered Si samples were produced for nominal Al
layer thicknesses of 1, 5, 10, 20, 30, 50, 74, 130 and 150 nm. The sili-
con wafers were produced at the Institute of Electronic Materials
Technology (ITME), Warsaw, Poland, by the Czochralsky method
and were cut and polished. The Al layers were then deposited
by sputtering with an electron gun and the deposited mass of Al
(supposed to be directly proportional to the layer thickness) was
monitored by a quartz micro-balance. In addition a 28 nm Al2O3-layered
Si sample produced by MBE was analyzed.
4. Analysis methodology
The calculation of the angular dependence of an X-ray ﬂuores-
cence line on the emission angle can be realized by means of the rec-
iprocity theorem to derive the angular proﬁle from GIXRF calculations
[97] or by starting from a matrix formalism to simulate the propaga-
tion of an electromagnetic wave through a stratiﬁed medium [98,99].
In inverse modeling or forward calculation approaches, which are
commonly used for measurements in grazing incidence, the disturbed
X-ray wave-pattern has to be accounted for: in an iterative procedure,
a model for the (a priori unknown) sample has to be assumed
in order to calculate a standing wave-pattern [100] which allows to
reproduce the experimental data, then the model is optimized. Alter-
natively, the GEXRF angular intensity proﬁle can be calculated by con-
sidering directly the radiating X-ray ﬂuorescence sources distributed
in the sample and summing for each emission angle their individual
contributions to the detected X-ray ﬂuorescence intensity [69,101].
This approach facilitates the interpretation since physical phenomena
inﬂuencing the X-ray ﬂuorescence intensity are directly taken into
account and explicit analytic expressions for the angular intensity
proﬁle are obtained. The latter aspect is especially advantageous for
the interpretation of experimental data since unknown parameters
can be inserted as ﬁtting parameters. With respect to a stratiﬁed
media approach, where a stack of layers is used to characterize the
deposited ﬁlm, the number of calculation steps and free ﬁtting pa-
rameters is considerably reduced. The analytic expressions from
[69,101] for a thin ﬁlm sample and the bulk below will be reproduced
hereafter. They allow to directly ﬁt the experimental data. For a thin
Al layer on the top of a bulk Si substrate the change of the ﬂuores-
cence intensity I with the grazing emission angle φ can be calculated
as follows
I φð Þ ¼ tAl↗vac:j j2
 1−e
− 2Im kAlð ÞþμAl E0;Alð ÞρAlð ÞTAl
2Im kAlð Þ þ μAl E0;Al
 
ρAl
 1þ rAl↘Sij j
2e−2Im kAlð ÞTAl þΨ φð Þ
1−rAl↗vac:rAl↘Sie−2ikAlTAl
 2 ;
ð1Þ
where the ﬁrst factor corresponds to the change in the ﬁeld strength of
the ﬂuorescence radiation upon transmission through the Al–vacuum
interface,1 the second factor corresponds to the average absorption of
the synchrotron beam and intensity loss of the ﬂuorescence radiation
within the Al layer and the third factor corresponds to the interferences
between ﬂuorescence paths with different numbers of reﬂections on
the Al–vacuum and Al–Si interfaces (Ψ(φ) corresponds to a correction
term). The transmission and reﬂection coefﬁcients on the different
interfaces are deﬁned as follows:
tAl↗vac: ¼
kvac:
kAl
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
n2Al− cos2φ
q
sinφþ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
n2Al− cos2φ
q ;
rAl↗vac:;¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
n2Al− cos2φ
q
− sinφ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
n2Al− cos2φ
q
þ sinφ
rAl↘Si;¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
n2Al− cos2φ
q
−
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
n2Si− cos2φ
q
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
n2Al− cos2φ
q
þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
n2Si− cos2φ
q
with kvac: ¼
2π
λ
sinφ
and kAl ¼
2π
λ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
n2Al− cos2φ;
q
where λ stands for the ﬂuorescence wavelength, namely the one of the
Al Kα line. Due to the choice of the synchrotron beamenergy, secondary
ﬂuorescence effects, i.e., ﬂuorescence produced by the characteristic
emission lines of Si, do not need to be accounted for. Normalized theo-
retical angular proﬁles for a 50 nmAl layer on the top of Si are shown in
Fig. 6 for the Al Kα and also for the Al Kβ ﬂuorescence lines together
with the three factors which inﬂuence the shape of the angular proﬁles.
1 For the interface between two media, the ﬁrst named medium indicates from
which side the ﬂuorescence radiation is incident on the interface.
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For the energy corresponding to the latter line the critical angle for Al is
smaller than for Si. Therefore, interference effects are muchmore dom-
inant in the shape of the angular intensity proﬁle than for the Al Kα line.
This can also be seen in Fig. 5 where the angular proﬁles for different
layer thicknesses are calculated, the Al Kβ (lower right panel) angular
proﬁles exhibiting more interference fringes than the AlKα (upper left
panel) for an identical layer thickness.
The angular intensity proﬁle for the Si Kα ﬂuorescence line of the
bulk Si wafer below the thin Al layer can be approximated by
I φð Þ≈ tSi↗AltAl↗vac:j j2  e− 2Im kAlð ÞþμAl E0;Sið ÞρAlð ÞTAl
1−e− 2Im kSið ÞþμSi E0;Sið ÞρSið ÞTSi
2Im kSið Þ þ μSi E0;Si
 
ρSi
 1
1−rAl↗vac:rAl↘Sie−2ikAlTAl
 2 ;
ð2Þ
where
tSi↗Al ¼
kAl
kSi
2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
n2Si− cos2φ
q
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
n2Al− cos2φ
q
þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
n2Si− cos2φ
q
with kSi ¼
2π
λ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
n2Si− cos2φ
q
:
The physical interpretation of the three factors is the same as in
the calculation of the thin ﬁlm angular proﬁle. Note that the complex
refractive indexes nAl and nSi have to be changed to the ones corre-
sponding to the Si Kα ﬂuorescence wavelength. With respect to the
thin ﬁlm angular proﬁle, the differences are the following. In the
ﬁrst factor the transmission of the Si Kα ﬂuorescence radiation
through the Si–Al interface and in the second factor the presence of
the Al layer have to be considered while in the third factor only the
interferences between ﬂuorescence paths with zero or an even num-
ber of reﬂections on the Al–vacuum and Al–Si interfaces need to be
calculated. Indeed there is no possible ﬂuorescence path from the
bulk with an odd number of reﬂections on the different interfaces.
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Fig. 5. Evolution of the grazing emission angular proﬁle of Al-layered Si wafers for the Al Kα (upper left panel), Si Kα (upper right panel) and Al Kβ (lower right panel) ﬂuorescence
lines for different layer thicknesses. For a better comparison of the shapes of the angular proﬁles the angular proﬁles were normalized to an intensity of 1 at an exit angle of 60 mrad.
In addition the Al Kα angular proﬁle for Al2O3 on the top of Si was considered (lower left panel). A comparison with the pure Al layer shows a signiﬁcantly different angular proﬁle
for an identical layer thickness, indicating that pure Al can be reliably distinguished from oxidized Al. In the Al Kβ angular proﬁle more oscillations can be observed due to
interferences since for this line the critical angle for Al is lower than for Si. The Si Kα angular proﬁle is considerably attenuated with increasing Al layer thickness. For the largest
layer thickness shown in the ﬁgure for the Al Kα of the Al-layered sample, the differences in the angular proﬁle are less obvious, indicating a fundamental limit of the accuracy
of the method for the thickness determination of the layers.
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Fig. 6. Theoretical angular proﬁles calculated with Eq. (1) for the Al Kα and Al Kβ lines
from a 50 nm Al-layered Si sample. The transmittivity, absorption and interference
factors, i.e., the three factors present in Eq. (1) are also displayed for both proﬁles.
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In Fig. 5 the theoretical angular proﬁles of the Al and Si Kα lines
(upper left, resp. upper right panel) for ideal Al-layered Si samples
with different layer thicknesses are represented. It can be seen that
the features in the angular proﬁles depend pronouncedly on the
layer thickness, showing that an accurate distinction between differ-
ent Al-layered samples is possible.
In the abovementioned equations all the interfaces are considered,
in the scale of the ﬂuorescence wavelengths, to be ideally ﬂat and
smooth without any waviness or bending. While the Si wafer exhibits
only a roughness in a sub-nanometer scale, the roughness of the de-
posited Al layers, however, cannot be assumed a priori to be negligi-
ble. The interface roughness can be included in the calculation by
either modeling the thin layer as a multilayer stack with decreasing
density, i.e., varying the index of refraction, towards the layer–vacuum
interface or by taking a weighted linear combination of layers with dif-
ferent thicknesses. The characterization of an unknown sample where
the roughness has to be extracted is, thus, not straightforward. For
small roughnesses, a different approach consists in modifying the re-
ﬂection and transmission coefﬁcients to take into account the surface
roughness, expressed as the root-mean square variation of the thick-
ness [102]. Depending on the correlation length of the roughness, either
the Debby–Waller/Rayleigh or the Névot–Croce approximation can be
chosen. For the present samples, the latter approximation, which as-
sumes a small correlation length, proved to be the most suitable to re-
produce the experimental data while the roughness of the Si wafers
could be safely neglected. This was checked for Si samples with and
without an Al layer deposited on the top of the surface. The reﬂection
and transmission factors for the Al–vacuum interface were therefore
modiﬁed to
tAl↗vac: ¼ tAl↗vac:  e−2kvac:kAlr
2
Al
resp: rAl↗vac: ¼ rAl↗vac:  e kvac:−kAlð Þr
2
Al :
Results provided by the above relations are only approximately
correct, some second order processes which are expected to inﬂuence
the reﬂection and transmission coefﬁcients being not accounted for
[103].
The experimental angular proﬁles acquired using the previously
presented setup were analyzed by means of Eqs. (1) and (2). The lat-
ter equation was used to calibrate the angular scale for each individ-
ual sample by assessing the offset with respect to the theoretical
position. For this the presence of the Al layer had to be taken into ac-
count because of absorption in the Al layer and refraction at the Si–Al
and Al–vacuum interfaces. Indeed, the absorption of the primary
X-ray photons and of the ﬂuorescence Si Kα X-rays, the energy of
which just above the Al K edge, attenuates considerably the intensity
in the bulk angular proﬁle with increasing Al ﬁlm thickness. In addi-
tion, since for the energy of the Si Kα X-rays the critical angle for Al
is larger than the one for Si, the apparent critical angle in the angular
proﬁle for the Si bulk below an Al layer is shifted towards higher
values with increasing Al layer thicknesses (Fig. 5, upper right
panel). Both factors were accounted for by assuming an ideal Al
layer, i.e., a layer with bulk density and no roughness, on the top of
the bulk Si when ﬁtting the Si Kα angular proﬁles. The calibration of
the angular scale is crucial for a correct determination of the density
and oxide concentration level in the Al layer. Indeed, for a ﬁxed
layer thickness, both factors inﬂuence the critical angle in the Al Kα
angular proﬁle whereas the roughness inﬂuences mainly the shape
of the angular proﬁles. This can be observed in Fig. 7 where for a nom-
inal layer thickness of 10 nm the inﬂuence of a varying oxide concen-
tration (left panel), layer roughness (middle panel) or density (right
panel) on the angular intensity proﬁle are represented. Reversely,
this emphasizes the importance of an accurate angular calibration of
the experimental proﬁles in order to allow for a correct determina-
tion of the different physical properties.
The Al Kα angular proﬁles acquired from the different layers were
ﬁtted by means of Eq. (1) in order to extract the layer thickness, den-
sity, oxidation and surface roughness. The layer thickness extracted
from the corresponding ﬁt of the Si Kα bulk proﬁle was used as an
initial guess to estimate which values for the layer density, oxide con-
centration level and surface roughness give reasonable starting values
for the ﬁtting procedure. The density and the oxide concentration
level were introduced into Eq. (1) through the complex refractive
index,
nAl ¼ 1−δAl þ iβAl
→nAl ¼ cAl2O3  1−dρδAl2O3 þ idρβAl2O3
 
þ 1−cAl2O3
 
 1−dρδAl þ idρβAl
 
;
ð3Þ
where dρ represents the relative reduction in density with respect to
the bulk density and cAl2O3 represents the oxide concentration rela-
tively to pure Al. Indeed, the scattering and absorption parts of the
complex refractive index depend linearly on the density, whereas
the relative oxide concentration level cAl2O3 is extracted by assuming
a linear combination of the refractive indexes of pure Al and Al2O3.
The ratio between oxidized and not-oxidized Al is then directly
obtained from the ﬁt. The distinction between pure Al and Al2O3
was facilitated by the considerably different critical angles for the Al
Kα ﬂuorescence line (19.06 mrad for Al, 25.50 mrad for Al2O3). For
an identical layer thickness, the angular proﬁles of Al and Al2O3 differ
considerably because of the difference in the scattering part of the
complex refractive index for the energy of the Al Kα line (Fig. 5,
upper left and lower left panels). It was assumed that the relative re-
duction in density dρwith respect to the bulk values (2.7 g/cm3 for Al
and 3.97 g/cm3 for Al2O3 and Fig. 7, left panel) was the same for pure
Al and for Al2O3 since the oxidation only occurs after the deposition of
the Al layers. If necessary, i.e., for high oxide concentration levels, the
offset of the angular scale assessed from the Si Kα bulk angular proﬁle
was reevaluated. During the ﬁtting procedure, the experimental an-
gular proﬁle was ﬁtted repeatedly with only one of the four parame-
ters being a free variable. First the layer thickness was ﬁtted and the
other three were kept ﬁxed at a value which was considered a good
starting point by a preliminary ﬁt. For each new least-squares ﬁt, de-
ﬁned as minimization of the sum of the squares of the residuals (the
difference between each data point and its ﬁtted value), the free var-
iable was alternated in a ﬁxed order and the ﬁtting procedure was
only stopped after all four ﬁtting parameters converged to their
ﬁnal result. The order of the sequence in which the ﬁtting parameters
were alternated did not have a noticeable, i.e., larger than the ﬁt error
which was the standard error returned by the algorithm for each in-
dividual parameter, inﬂuence on the ﬁnal result. The ﬁnal results
obtained for the layer thickness and density, the oxide concentration
level and the layer surface roughness are displayed in Table 1.
Examples of ﬁtted experimental GEXRF proﬁles are displayed, together
with the theoretical expectation, in Fig. 8. While the Al-layered Si sam-
ples are well ﬁtted for the different examples which are displayed, the
Al2O3 layered Si sample is less well ﬁtted. A reason could be that the re-
fractive index of Al2O3 grown by MBE is different than the one which
was assumed, i.e. the one of natural Al2O3. This shows a limitation of
the grazing XRFmethods, the complex index of refraction for themate-
rial and energy of interest has to be well known. Complementary mea-
surements to determine beforehand one of the different ﬁtting
parameters would help to solve such issues, e.g., XRR could be used to
determine the exact value of the layer density.
In the ﬁtting procedure, the algorithm allowed also for island-like
features on the Si wafer surface in case of strongly dispersed lateral
distributions for the thinnest Al ﬁlms. For this the angular intensity pro-
ﬁle for thin layers (Eq. (1)) was linearly combined with an equation
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describing the angular ﬂuorescence intensity proﬁles for particle-like
distributions on the surface, the normalized linear combination factor
representing the respective weight for each type of distribution. The
theoretical angular intensity proﬁle of a low-concentration particle dis-
tribution (particle height S) on the top of a sharp interfacewith the bulk
is given by
I φð Þ≈1−exp −2Im kAlð ÞSð Þ
2Im kAlð ÞS
 1þ rvac:↘ Si 2exp −2Im kAlð ÞSð Þ þΨ φð Þ

i
:

h
ð4Þ
It is assumed that the lateral particle size doesnot vary along thedirec-
tion vertical to the surface.With respect to Eq. (1) for thinﬁlms, the trans-
mission factor tAl ↗ vac. is equal to 1 since there is no sharp interface
between the particle distribution and the vacuum and hence only the
reﬂection on the bulk interface needs to be considered (rAl ↗ vac. = 0).
Further approximations to simplify Eq. (4), e.g., the non-consideration
of the absorption effects inside the particles, can be found for small
and large particle sizes S (on the nanometer-scale) in [104]. However, it
turned out that even if the coverage is not continuous for some of the
analyzed samples, the different Al patches are too close together to yield
a typical island-like behavior in the angular intensity proﬁle and Eq. (1)
was sufﬁcient to describe the experimental angular intensity proﬁles.
5. Results and discussion
The results extracted from the ﬁts regarding the thickness, mass
density, oxidation and the roughness of the layers are shown in
Table 1.
The layer thickness deduced by the above described ﬁtting
approach can be directly compared to the nominal thickness which
is the assumed thickness for a homogeneous, pure, nonoxidized and
smooth layer with a continuous lateral distribution. The layer thick-
nesses deduced from the shape of the angular proﬁles are quite differ-
ent from the assumed nominal thicknesses after the deposition
process. However, in the latter only the mass of the deposit is sur-
veyed and the layer thickness is derived by assuming a homogeneous
deposition. But without the knowledge of the exact density of the
layer, its surface roughness and taking possible oxidation effects
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Fig. 7. Evolution of the grazing emission angular proﬁle of Al-layers Si wafers for the Al Kα line of a 10 nm thick layer as a function of a varying relative oxide concentration (left
panel), roughness (middle panel) or density (right panel). As in Fig. 5 the intensity was normalized to 1 at 60 mrad. The shape of the angular proﬁles changes quite pronouncedly
with each of these parameters, indicating that the latter can be reliably extracted from the ﬁts. For a varying relative oxide concentration or density the position of the maximum
intensity position shifts towards larger, respectively smaller exit angles, while it does not shift with a varying roughness.
Table 1
Numerical results with absolute uncertainties retrieved by means of the described ﬁtting
approach. Tnom is the nominal thickness, i.e., the thickness assuming a continuous layer of
pure Al. Tﬁt stands for the ﬁtted layer thickness, dρ for the relative decrement in density,
cAl2O3 for the relative oxide concentration, rAl for the roughness. For some of the samples
the K edge of the Al layer was also measured. The last sample corresponds to the Al2O3
sample prepared by the ESRF.
Tnom [nm] Tﬁt [nm] dρ cAl2O3 rAl [nm] K-edge [eV]
1 3.0/0.1 0.99/0.03 0.99/0.06 3.3/0.2 1565.8/0.8
5 6.0/0.2 0.98/0.01 0.46/0.02 3.2/0.2 1564.0/0.8
10 11.0/0.4 0.99/0.01 0.18/0.01 2.4/0.3 1562.6/0.8
20 17.8/0.5 0.98/0.01 0.06/0.01 1.2/0.6 1561.4/0.8
30 24.9/0.7 1.0/0.01 0.04/0.01 1.9/0.4 1561.1/0.8
50 43.7/2.0 1.0/0.01 0.06/0.01 3.2/0.6 1561.0/0.8
74 112.6/1.9 1.0/0.01 0.05/0.01 1.7/0.3 –
130 143.4/1.7 0.99/0.01 0.09/0.01 1.5/0.3 –
150 174.6/1.9 0.97/0.01 0.03/0.01 0.4/0.8 –
28 34.2/0.8 0.90/0.01 0.94/0.01 0/0 1564.4/0.8
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Fig. 8. Fitted experimental angular intensity curves for Al layers with 5, 10, and 20 nm
nominal thickness (upper panel). In the lower panel the experimental results of an Al
and an Al2O3 layer with nominal thicknesses of 30 nm and 28 nm, respectively, are
also shown. It can be noted that, despite the Al and Al2O3 layers have comparable
thicknesses, important differences in the features of the two angular proﬁles are
observed. For comparison, the theoretical curves corresponding to pure and smooth
layers having the same nominal thicknesses are also depicted.
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into account, the layer thickness cannot be properly derived from the
deposited mass. Indeed, the physical surface morphology is different
from the expectation of a homogeneous layer and may resemble
more to an island-like distribution [17], especially for the thinnest
layers. This can also be observed in Fig. 8 where the experimental
curves signiﬁcantly differ from the theoretical ones. The oxidation
and the surface roughness have to be taken into account. Also the
density does not necessarily correspond to the bulk value. The phys-
ical properties of a thin ﬁlm can differ signiﬁcantly from the bulk
properties [105]. Thus, if only the deposited mass is known, the
layer thickness can be underestimated. However, the layer density
and the surface roughness can only be estimated by XRF-based
methods if an angular intensity proﬁle is acquired (XSW or GIXRF,
GEXRF or also XRR). An accurate characterization of thin layers re-
quires complementary measurements to the XRF spectrum at a single
measurement position although high energy resolution spectroscopy
allows to detect an energy shift due to chemical effects for transitions
in which a valence shell is involved. From the thickness, density dec-
rement and relative oxide concentration, the number of Al atoms per
surface unit contained in the layers corresponding to the different sam-
ples can be recalculated. A good correlation with the nominally depos-
ited number of atoms is found (Fig. 9).
Note that neither reference standard nor the knowledge of the
instrumental responsewas needed to quantify the number of deposited
Al atoms.
This quantiﬁcation approach was cross-checked by means of a ref-
erence sample, a 15 keV Al-implanted Si wafer which was character-
ized in [48]. Usually, quantiﬁcation measurements are realized by
recording the XRF intensity at a single sample position and deducing
the studied elemental quantity contained in the sample from the XRF
intensity. These approaches are either based on a well characterized
setup for reference-free quantiﬁcation [106] or on a calibration of
the setup by means of reference standards to determine the experi-
mental response. For the present samples, the dose of the 15 keV
Al-implanted sample, known from the reference-free quantiﬁcation
approach adopted by the Physikalisch Technische Bundesanstalt
(PTB) [106], was used to determine the experimental response. The
XRF intensities were then compared at a single exit angle which
was identical for all samples. In grazing geometries, quantiﬁcation
measurements by recording the XRF intensity at a single grazing
angle position can be either realized at the isokinetic angle (φc=
ﬃﬃﬃ
2
p
)
or at an angle far above the critical angle φc. If the XRF intensity is
recorded at the isokinetic angle, the mass calibration curve may be
subject to oscillations because of possible reﬂections at sharp sample
interfaces [104]. Also absorption effects are more pronounced. There-
fore, for the present samples, the XRF-based quantiﬁcation was real-
ized at the largest grazing emission angle, i.e., 40 mrad. Depending
on the thickness of the deposited layer or its composition, X-ray ab-
sorption has also to be taken into account and calibration curves,
i.e., the elemental mass versus the observed XRF intensity, are no
more linear [104,107]. The limit, above which absorption effects can
no more be safely neglected, is the critical thickness (Fig. 3). Above
the critical thickness the ﬂuorescence intensity deviates from the lin-
ear dependence on the number of emitting Al atoms and tends as-
ymptotically to a maximal value with increasing layer thicknesses
and eventual intensity contributions due to reﬂections at interfaces
are considerably attenuated. For the implanted sample, the total
implanted dose is within the critical thickness so that the inﬂuence
of the bulk Si can be neglected while for the layered samples, the ab-
sorption of the emitted ﬂuorescence signal can be readily corrected
for by either assuming a pure Al layer on the top of the Si surface or
by taking into account the matrix composition known from the
GEXRF measurements. In Fig. 9 the results from the two quantiﬁca-
tion approaches, by means of ﬁtting the shape of the angular intensity
proﬁle and by means of the XRF intensity once the instrumental re-
sponse is known, are compared and a good overall agreement is
observed. It appears also that the inﬂuence of the oxidation on the ab-
sorption correction is minor. This shows that the quantiﬁcation of the
deposited layers from the ﬁts of the angular intensity curves, realized
without calibration of the experimental response, is quite accurate.
An advantage was certainly that all experimental parameters can be
considered to be constant throughout an angular scan in GEXRF
while with a grazing incidence technique the footprint of the beam
and the rapidly changing solid angle have to be accounted for. The
quantiﬁcation by means of GEXRF presents therefore an interesting al-
ternative to calibrate the experimental setup without using reference
samples or vice-versa to characterize reference samples. Indeed, thin
layers grown by a well-controlled method can be used as reference
samples instead of the internal standard method or deposited droplets
[108]. A characterization of these samples by means of GEXRF can be
complementary to relative analytical methods.
In Fig. 10 the mass calibration for Al for the presented setup is
shown which allows to quantify the number of atoms deposited on
the bulk from the XRF intensity recorded at 40 mrad. At this angle
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Fig. 9. Comparison of the GEXRF and XRF experimentally deduced number of Al atoms
deposited per surface unit to the nominal value. A monolayer of Al atoms corresponds
to 1.51*1015 at/cm2. From the XRF intensity solely the amount of Al atoms in the layer
can be estimated whereas the GEXRF measurements allow for a study of the surface dis-
tribution and quantiﬁcation without setup calibration or reference samples.
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Fig. 10. Mass calibration curve of the experimental setup. The deposited mass per
surface unit was deduced from the GEXRF curves without an instrumental calibration
or a reference standard. The theoretical curve (solid line) ﬁtted to the experimental
values reproduces the variation of the scaling factor for the calculated grazing emission
proﬁles for different thicknesses shown in the upper left panel of Fig. 5. The value
extracted from this ﬁt could also be used for the theoretical Al2O3 curve. The results
for the nominally deposited mass, together with the nominal thickness (upper scale),
are also shown.
10
ht
tp
://
do
c.
re
ro
.c
h
the critical thickness for Al Kα is about 25 nm. The experimental re-
sponse is implicitly accounted for by the scaling factor with respect
to the theoretical curve and can be considered to be constant for all
the angular scans. The nominal values correlate less well with the
theoretical trend. For thicker layers, a deviation from linearity can
be observed, as previously discussed. However, by quantifying the de-
posited mass solely with the XRF intensity recorded at a single position,
the spatial distribution of the element of interest or the matrix in
which it is embedded remains unknown without further measurements.
The Al layer roughness was for all analyzed samples except one found
to be larger or equal to 1.5 nm, which indicates that the produced layers
were quite rough. Indeed, the production of thin Al ﬁlms with sub-nano-
meter roughness is still an active area of research [109,110] as the surface
and interface roughnesses of metallic thin ﬁlms have a direct impact on
the performance, e.g., of the produced junction [111]. Regarding the cor-
relation with the deposited Al amount, a trend of a decreasing roughness
with increasing layer thickness can be observed. The large roughness for
the thinnest samples indicates indirectly a non-continuous coverage of
the Si surface by Al and an island-like surface morphology can be
suspected. The surface roughness was qualitatively crosschecked with
SEM for several samples (see Fig. 11). This surface-sensitive technique
gives an image of the lateral surface structurewithout elemental or chem-
ical discrimination but shows directly the surface roughness. However, a
surface degradation caused probably by the heat load deposited by the
electron beam was observed. For the thinner layer a cluster formation of
Al can be observed, although the 1 and 5 nm Al-layered Si samples
could not be analyzed by means of SEM due to lacking contrast in the
recorded images. With increasing layer thickness, these clusters grow in
size, covering altogether a larger surface and a coalescence of neighboring
islands canbeobserved. For the 30 nmsample apercolation into an island
network can be seen and it can be assumed that for even larger
thicknesses a continuous ﬁlm starts to grow. This behavior can be best
explained by the Volmer–Weber model for thin ﬁlm growth [105] in
which, depending on the deposited mass, ﬁrst grains of increasing size
are observed before a laterally continuous ﬁlm is grown. This behavior
for Al deposited on Si was also observed in [17]. The samples with nomi-
nal thicknesses of 30 and 50 nmwere also scanned by μ-XRF in the SXM
chamber of the ID21 beamline (Fig. 11, 30 nm sample). A Ni mirror tilted
at 7.5 mrad, the Si(111) double crystal monochromator with ﬁxed exit
angle and a Si mirror were used for these measurements performed at
7.5 keV. The focusing of the incident X-ray beam was realized with a
zone plate and the beam size was 1.3 × 0.3 μm2. The observed Al-Kα in-
tensity is proportional to the deposited amount of Al and intensity varia-
tions can be correlated to the layer roughness if the layer density is
assumed to be laterally constant. Taking into account the Poisson noise,
the roughness was estimated to be 2.3 nm for the 30 nm sample and
3.4 nm for the 50 nm sample. These results are in agreement with the
ones of the GEXRF measurements.
Moreover, the GEXRF angular proﬁles are sensitive to the presence
of Al oxide. The aforementioned difference in the critical angles of
pure Al and Al2O3 allows for an accurate estimation of the oxidation
of the deposited Al layer. Indeed, the samples were not maintained
in vacuum but exposed to ambient air in between the production
and the analysis by GEXRF. It appears that the thinnest layer is fully
oxidized and that with increasing layer thickness the concentration
of Al2O3 with respect to Al decreases. These ﬁndings (Fig. 12 and
Table 1) were conﬁrmed for the Al-layered Si samples with thick-
nesses between 1 and 50 nm by XANES measurements performed
at the ESRF ID21 beamline (the wiggler, the Si mirror tilted at
14 mrad, the NiB4/C multilayer and a Si detector were used). This in-
dicates that the oxidation process only affects the near-surface region
of the deposited Al layers. Indeed, it is known that Al exposed to air at
ambient temperatures oxidizes almost instantaneously at the surface;
the oxide layer hinders, however, the diffusion of oxygen towards
deeper lying Al atoms resulting in a lower oxidation rate of sub-sur-
face regions [112]. In [113] it was pointed out that Al oxidation cannot
only be found at the vacuum–Al layer interface on a range of 2 nm but
also at the Al layer–Si bulk interface on a range of 1 nm due to the
presence of a native Si oxide layer. These two considerations explain
why the thinnest Al layer is almost fully oxidized and the decreasing
ratio of Al2O3 to Al with increasing layer thickness to an asymptotic
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value. In the ﬁtting approach described above a homogeneous mix-
ture of Al and Al2O3 was assumed. Attempts to ﬁt the experimental
angular intensity proﬁles with a decreasing, depth-dependent (linear,
logarithmic or exponential) mixing of Al2O3 and Al were not fruitful,
the reason being probably the mentioned Al oxidation at the interface
to the bulk Si. Allowing for different Al2O3 concentrations at the vac-
uum–Al layer interface and at the Al layer–Si bulk interface did not
lead, for the thinner layers with a negligible self-absorption within
the layer, to markedly different results in the ratio of Al2O3 to Al
than the homogeneous mixture. Since the shape of the angular intensi-
ty curve is mainly inﬂuenced by the refraction processes at the sample
interfaces, GEXRF is for thicker layers insensitive to the oxidation of Al
in-between two interfaces as long as the complex refractive index
does not diverge signiﬁcantly from its value at the interface. Thus, the
oxidation of the Al layers can only be ascertained by means of GEXRF
in the vicinity of the interfaces of a layered system where the exact re-
fractive index has to be taken into account in the ﬁt. In contrast to
GEXRF, XANES allows to study the entire volume of the thin Al layers
at once. Al contaminations in the Si wafer can be neglected [43]. If, how-
ever, a depth-sensitive characterization of the chemical state is needed,
the GEXRF technique can be combined with absorption techniques
since the choice of the exit angle allows to select the depth-sensitivity
of the setup (Fig. 3).
6. Conclusion and outlook
In summary, the mean layer composition in terms of thickness,
density, oxidation and roughness of different Al ﬁlms deposited on
Si was reconstructed by means of the synchrotron radiation based
high-energy-resolution GEXRF technique. The high brilliance and the
energy-tunability of the synchrotron radiation source as well as the
good background rejection capabilities and the high angular resolution
of a wavelength-dispersive setup, namely the reﬂection-type curved
crystal von Hamos spectrometer of the University of Fribourg, were of
advantage for the experiment. The latter consisted in measuring the
ﬂuorescence intensity dependence of the Al Kα line on the grazing
exit angle, deﬁned relatively to the ﬂat sample surface, in the range
extending from 0 mrad to beyond the critical angle. As demonstrated,
the angular intensity proﬁles allow for an accurate and reliable charac-
terization, validated by complementary measurements, of surface
layers of very small to intermediate layer thicknesses with a resolution
on the sub-nanometer, respectively nanometer scale. A wide dynamic
range for the number of atoms deposited on the Si surface can, thus,
be covered. In addition, information on the surface distribution and ox-
idation can be extracted. It can thus be envisaged tomonitor the depen-
dence of these parameters on the production process parameters.
Different thin ﬁlm synthesis methods could also be compared. The
presented setup has the potential for the analysis of a wide range of
layered samples and to offer complementary information to other
surface-sensitive methods for a full characterization of the surface
layers or to serve simply as a cross-check tool. As an outlook the de-
scribed synchrotron radiation based high-energy-resolution GEXRF
technique could also be applied to multilayered samples or to study in-
terdiffusion processes at the interfaces of a layered system. In the ﬁrst
case the necessary tools for data analysis can be retrieved in [101], in
the latter case the sample has to be modeled with a stratiﬁed layer
approach. A further extension to laterally inhomogeneous or
well-structured samples, which cannot be accounted for by the
presented theoretical model, can also be envisaged as with GIXRF
[114]. Finally, because of the ﬂexibility with respect to the elemental
and chemical sample composition of XRF-basedmethods, the presented
synchrotron radiation based high-energy-resolution GEXRF technique
presents, in the case of single-layered samples where the refractive in-
dexes of the different elements and compounds for the energy of inter-
est are known and are sufﬁciently different from each other, the
potential to contribute to the reliable investigation and characterization
of technologically relevant samples, e.g., samples with high-kmaterials,
or to contribute to the characterization of new reference materials.
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